Homologous recombination has been extensively studied in bacteria, yeast, and more recently in animal cells, but little is known about this process in plants. We present here an analysis of meiotic and somatic chromosomal recombination between closely linked inverted duplications located on a single chromosomal region in tobacco. Transgenic tobacco lines were constructed by Agrobacterium transformation with plasmid vectors containing a functional hygromycin phosphotransferase (hyg) selectable marker flanked by a pair of defective neomycin phosphotransferase (neo) genes positioned as inverted repeats. As each neo gene is mutated in a different site, recombination between the two defective genes can be detected following selection for kanamycin-resistant plant cells. The recombination substrates were designed to allow investigation into the nature of molecular events underlying homologous recombination by restriction endonuclease analysis. Chromosomal recombination was studied in mitotically dividing cells (cultured leaf mesophyll cells) and after meiosis (germinated seedlings). Spontaneous somatic recombinants were recovered at frequencies between ~3 x 10-5 to 10-6 events per cell. Low dose y irradiation of somatic cells resulted in a threefold maximum increase in the recovery of recombinants. Recombinants were also detected at low frequency when transgenic T3 seeds were germinated under kanamycin selection. DNA gel blot analyses demonstrated that homologous recombination occurred mainly as gene conversion unassociated with reciprocal exchange, although a variety of other events including gene coconversion were also observed.
INTRODUCTION
Homologous genetic recombination is the transfer or exchange of genetic information between regions of similar sequence composition. It results from protein-mediated pairing between homologous DNA sequences leading to the formation of an important recombination intermediate, a cross-strand junction known as the "Holliday junction" (Holliday, 1964a) . This structure is common to a variety of competing models (which have arisen principally from studies in bacteria and fungi) describing the mechanism of such recombination (Holliday, 1964a; Meselson and Radding, 1975; Szostak et al., 1983) . Homologous recombination may result either in reciprocal exchange or in gene conversion (a nonreciprocal event). In the former, there is a bidirectional transfer of genetic information between participating homologous DNA sequences; in the latter, the transfer is unidirectional from one homolog to another (reviewed in Whitehouse, 1982) .
In plants, very little is known about the molecular processes by which chromosomal recombination is effected and regulated in the cell nucleus. Only a few studies have addressed questions regarding some aspects of homologous meiotic recombination in cereals. For instance, the effect of the insertion of a number of transposable elements on interallelic To whom correspondence should be addressed.
(intragenic) recombination has been investigated at different maize loci using various heteroalleles (McClintock, 1965; Neuffer, 1965; Nelson, 1968; Greenblatt, 1981; Dooner and Kermicle, 1986) . Others have attempted to determine, with limited success, the frequency of homologous meiotic interactions between repeated chromosomal sequences in wheat (Fu and Sears, 1973; Snape et al., 1985; Dvorak and Appels, 1986 ). Only recently, two different studies on somatic chromosomal recombination between duplicated genetic elements arranged as direct repeats were reported in either cultured cells (Peterhans et al., 1990) or in leaf tissue (Gal et al., 1991) .
To investigate the nature of both somatic and meiotic recombination in plants, we used the Agrobacterium transformation system (reviewed in Lichtenstein and Fuller, 1987) to generate transgenic plant lines containing chromosomal copies of two differently defective neomycin phosphotransferase (neo) genes (Smith and Berg, 1984) that flank, in inverted orientation, a functional hygromycin phosphotransferase (hyg) gene. The functional marker allows detection of transformed plant tissue on medium containing hygromycin (Hg). Subsequent selection for kanamycin resistance (Km? in transgenic plant tissue allows recovery of those cells in which recombination between the defective neo genes occurred, resulting in the restoration of gene function. Here, we report the frequency of recombinants detected in protoplast-derived transgenic tissue, i.e., somatic A recombination, and in transgenic seedlings, i.e., postmeiotic tissue, and exploit the design of the recombination substrates to discriminate between gene conversion and reciprocal events by DNA analysis of recombinant tissue. 
RESULTS

Construction of Recombination Substrates
The recombination substrates used in this study are two different defective neo genes (designated neo-and neoA) and a functional selectable marker (hyg), each containing its own 5' and 3' transcription regulatory signals. Ali three genes are driven independently by the 35s RNA cauliflower mosaic virus (CaMV) promoter but employ different transcription termination signals. The hyg gene uses those of the octopine synthase (ocs) gene, whereas both neo genes contain those of the nopaline synthase (nos) gene. These genetic elements were constructed, assembled, and subcloned between the transfer DNA right border (RB) and left border (LB) in a binary vector (see Methods for details), to produce two different triplecassette constructs configured as follows: RBneo-(>)/hyg(>)/ (<)neoALB (designated pDLT29) and RBneoA(>)/hyg(>)/ (<)neo-LB (designated pDLT31). The structural arrangement of these constructs is shown in Figure 1 . Relevant structural characteristics of the triple-cassette constructs are as follows: (1) each of the defective neo genes is inactivated by a single nonoverlapping mutation in the coding region. One of them, neo-, contains a 20-bp oligonucleotide insertion toward the 5' end of the gene. The other, neoA, has a 180-bp deletion at the end of the coding region that includes the translation termination codon. The distance between the two mutations, when considered within a single neo coding region, is 560 bp; this represents the "effective region of homology" within which recombination must occur to regenerate a functional neo+ gene ( Figure 16 ). (2) Each mutation is marked by Apal and Xhol restriction endonuclease sites; thus, the neoA mutation also has a 20-bp linker insertion at the site of the deletion. (3) The defective neo genes are positioned as inverted repeats flanking the hyg gene; the intention was to preclude the possibility of reciprocal recombination between the inverted neo genes in replicated DNA chains (i.e., sister chromatids). Such events should result in daughter cells with aberrant chromosomes. (4) Each of the cassettes, hyg, neo-, and neoA are flanked by Kpnl sites; Kpnl digestion yields restriction fragments of different lengths, thereby allowing resolution by agarose gel electrophoresis. (5) The entire triple construct is flanked by a Hindlll site at one end and a unique Sacl site at the other to allow easy analysis of the integrity of the transferred DNA in transgenic tissue (Figure 16 result in inversion of the hyg gene, whereas gene conversion should generate no changes in the basic structural arrangement of the recombination substrates). Plasmids pDLT29 and pDLT31 were mobilized into Agrobacterium by conjugal transfer. The resulting bacterial strains were used to introduce the recombination substrates into tobacco plants.
10-6 in plant lines DLT29B and DLT31G (Table 1) . Surprisingly, 
Construction and Characterization of Transgenic Plants
Tobacco plants were transformed by the leaf disc inoculation method (reviewed in Lichtenstein and Draper, 1985) . Four transgenic plants for each construct were regenerated from independently selected Hgr tissue (this set of plants will be here referred to as T1 plants; T2 and T3 will refer to the self-progeny of T1 and T2 plants, respectively). Hyg segregation analysis indicated that all four DLT31 plants (from pDLT31) contain the foreign DNA integrated at single or closely linked loci (3:l segregation ratio), whereas integration occurred at independently segregating loci in all DLT29 lines (151 or 63:l ratios). DNA from T2 Hgr plants of each line was analyzed by DNA gel blotting to check the integrity of the transferred DNA (separate digestions with Kpnl and Apal, data not shown). No lines gave evidence of any neo+ transformants having arisen by recombination in Agrobacterium before DNA transfer. Three plant lines, DLT29B, DLT29C, and DLT31G, containing between one and three copies of either recombination substrate, as shown in Table 1 , were chosen as suitable for further study. Mitotic recombination rates in fungi are strongly enhanced by exposure of cells to DNA-damaging agents such as ionizing radiation and certain types of chemical mutagens (Holliday, 1961, 196413; Kats and Kao, 1974) . To evaluate the effect of a DNA-damaging agent on plant chromosomal somatic recombination, batches comprising a mixture of homozygous and hemizygous DLT31G protoplasts were prepared and, when cultured to microcalli at the 4-to 16-cell stage, exposed to low-dose (60Co) y irradiation. Cells were allowed to recover for 7 days after treatment and then transferred to plates containing Km. Drug-resistant microcalli were scored 5 weeks after the onset of selection. The results are shown in Table 2 . Cell viability was not affected by the irradiation treatment as determined in control plates containing no Km. Recovery of Kmr calli was enhanced at all irradiation doses tested, but a maximum threefold increase was observed when cells were exposed to a radiation dose of 12 grays (Gy).
Spontaneous Meiotic Recombination
Unlike animals, plants are more readily amenable to an analysis of meiotic recombination owing both to the ease of generation of fertile transgenic plants from single somatic cells and to the fact that in plants there is no early separation of germ line tissue during development; meristematic cells distributed throughout calli were recovered at frequencies ranging between lO+ and Estimated from two protoplast batches, each prepared from four to the plant body remain pluripotent and capable of contributing to the germ line (Walbot, 1985) . To study meiotic recombination, large numbers of T3 seeds from plant lines DLT29C and DLT31G were germinated under Km selection. As during mitotic selections, no Kmr seedlings were recovered from plant line DLT29C. However, DLT31G Kmr seedlings were recovered with a frequency similar to that of Kmr calli obtained during mitotic selections, as shown in Table 3 .
Molecular Analysis of Recombination Events
Plant line DLT31G was selected for a molecular analysis of recombination products in Kmr tissue because it contains a single copy of the recombination substrate per haploid genome.
Spontaneous Mitotic Recombination
Nine randomly selected Km' calli were axenically propagated to prepare genomic DNA that was double digested with Apal and Hindlll and analyzed by DNA blotting. This blot, hybridized to radiolabeled hyg and neo coding regions, is shown in Figures 2A and 26 , respectively. Lanes 2 of Figures 2A and 26 show parental (nonrecombinant) DLT31G DNA, with the predicted 4-kb fragment illuminated by the hyg probe and the similarly predicted 4-, 2.5-, and 1.15-kb fragments seen with the neo probe ( Figure 2D ). The recombinant represented in lanes 3 of Figures 2A and 2B lost the parental 4-kb fragment and gained a 6.5-kb fragment detected with both the hyg and neo probes; in addition, it lost the 2.5-kb parental fragment detected only with the neo probe. These alterations suggest that the recombinant is hemizygous for the recombination substrate and that the neo-mutation was corrected by gene conversion unassociated with reciprocal exchange (neither inversion in orientation of the hyg gene nor changes in the basic structural arrangement of the recombination substrate were observed). Recombinants represented in lanes 4, 5, 7, 8, 10, and 11 of Figures 2A and 28 display both the parental and recombinant types of bands described above. This feature, plus differential band intensities suggesting 1 x 6.5-, 1 x 4-, 1 x 2.5-, and 2 x 1.15-kb fragments, indicate that these recombinants are most likely homozygous for the recombination substrate and that the neo-mutation was corrected by gene conversion in one homolog but remained unmodified in the other.
The restriction pattern of lanes 6 of Figures 2A and 2B is similar to those described above, except that the signal intensity of some bands differed and an additional 12-kb fragment band was detected with the neo probe. A possible explanation for this, other than partia1 DNA digestion, could be a duplication event perhaps occurring before recombination. The presence of the 6.5-kb recombinant fragment indicates, nevertheless, that restoration of gene function in this case was also the result of neo-conversion (only in one homolog) in the absence of reciprocal exchange.
In lanes 9 of Figures 2A and 26 , the 1.15-kb neoA fragment is reduced in signal intensity and a new 2.72-kb band appears that hybridizes only to the neo probe; the authenticity of this new band was confirmed, as shown in Figure 2C , by using a shorter neo probe (neo*), an XholXbal neo fragment that has no homology to the genomic 2.5-kb parental band ( Figure  2D ). Correction of the neoA mutant gene by a conversion event not associated with reciprocal recombination is thus suggested. In addition, the 6.5-kb fragment indicative of conversion of the neo-gene (without reciprocal exchange) and the parental 4-kb band are also present; all four bands appear stoichiometric. The most likely explanation is neo marker coconversion in homozygous tissue, where a single recombination event restored gene function to both defective copies of the neo gene located on one homolog but neither one on the other homolog (see Discussion).
Mitotic Recombination Stimulated by y irradiation
DNA from 10 randomly selected Kmr calli obtained from irradiated samples (12-Gy dose) was digested with ApallHindlll endonucleases and analyzed by DNA gel blotting as shown in (A) and (B) DNA gel blot analysis of spontaneous somatic recombinants. Eight micrograms of DNA from mitotic recombinants was digested with Apal/Hindlll endonucleases and probed with oligolabeled hyg (A) and neo (B) fragments; the hyg probe is an EcoRV restriction fragment spanning the entire coding region of hyg; the neo probe is an Xbal restriction fragment spanning the entire neo coding region. Lanes 1 and 12 in both panels, X Hindlll markers (given in kilobases); lanes 2, DNA from parental line DLT31G; lanes 3 to 11, DNA from nine randomly selected recombinants. Film exposure was for 2 days at -70°C with intensifying screens. The arrow in (A) indicates the position of a 6.5-kb recombinant band. The expected mobility of a double mutant neo fragment is indicated by an arrow in (B) (see text).
(C) Authenticity of the 2.72-kb recombinant band. Five micrograms of genomic DNA from selected recombinants was digested with Apal/Hindlll endonucleases and probed to the short neo probe (neo*), an Xhol-Xbal oligolabeled fragment from the neo~ gene that does not share homology with the 2.5-kb parental genomic fragment. Lane 1, DNA from parental line DLT31G; lanes 2 and 3, DNA from the somatic recombinants represented in lanes 8 and 9, respectively, in panels ( by an event associated with crossing-over would produce one such 4.59-kb Hindlll fragment (resulting from inversion in orientation of the hyg gene). Because either event would produce a dicentric chromosome, a medial break between hyg and neo ( Figure 3C ) occurring during cell division would delete the second neo gene and all genes distal to it; subsequent chromosome healing and continued cell division may account for the absence of any other fragments in this lane. Restriction patterns in lanes 10 of Figures 3A and 3B suggest a mixed population of two different Km r cell types. In addition to the 6.5-kb recombinant band and the 4-, 2.5-, and 1.15-kb parental bands (which as before can be explained by neo" gene conversion in a homozygous individual), a 4.59-kb fragment that hybridizes to both probes (hyg and neo) and a unique 2.13-kb fragment illuminated only with the neo probe are observed. These two bands could be components of a recombination product in a hemizygous cell type of structure neo + (>)/(<)nyg/(<)neo~, resulting either from gene conversion following antiparallel alignment of sister chromatids (as explained by the double-strand break repair model of recombination) or, less likely, by a double reciprocal recombination event between sister chromatids involving the two pairs of defective Recombinant DNA in lanes 12 of Figures 3A and 3B also shows a unique restriction pattern. The appearance of a 2.72-kb fragment that only hybridizes to the neo probe (and in this gel appears to overlap the 2.5-kb border fragment) is concomitant with the disappearance of the 1.15-kb band that represents the neo A gene. The presence of the mutation in the neo~ gene is indicated by the appearance of the 4-kb parental fragment that hybridizes to both probes. This indicates that in this recombinant (which is hemizygous), the neo A gene was converted to the wild type in the absence of reciprocal exchange. The faint band of 6.5 kb present in this lane is difficult to explain due to the absence of any other band that could support the possibility of mixed cell populations; it is therefore thought to represent contaminating DNA from the strong 6.5-kb band in the adjacent lane. Finally, the restriction pattern of recombinant DNA in lanes 4 of Figures 3A and 3B compares to that in lanes 9 in Figures  2A and 2B . The authenticity of the 2.72-kb recombinant band was also confirmed using the short neo probe (neo*) (data not shown), neo marker coconversion is therefore proposed as the type of recombination that resulted in restoration of gene function in this recombinant. A summary of the various types of recombination events observed in this study is presented in Table 4 . Figure 2 . b Of which one event appeared to be associated with some other DNA rearrangement, possibly involving gene duplication. c Summarized from data on y irradiation-induced mitotic recombination as shown in Figure 3 . d Summarized from data on analysis of independent T2 plants as described in Table 5 (data not shown). 8 This event appeared to be associated with a deletion of the neog ene.
Analysis of Meiotic Recombination Events
To establish the type of recombination event that led to the restoration of neomycin phosphotransferase II activity in postmeiotic tissue, genomic DNA was isolated from two meiotic recombinants and analyzed by DNA gel blotting after Hindlll/ Apal digestion, as shown in Figure 4 . Meiotic recombinant M 1 may have originated from a genetic background homozygous for the recombination substrate or from a hemizygous plant selfed to give a homozygous seed; this is indicated by the presence of 2 x 1.15-, 1 x 2.5-, and 1 x 4-kb parental fragments in addition to the 6.5-kb recombinant band. M 2 was most likely the product of recombination in a cell hemizygous for the substrate as recombinant (6.5-kb) and parental (1.15-kb) bands are present in a 1:1 ratio. The data indicate that in both meiotic recombinants the neo~ gene was converted to neo + in the absence of reciprocal exchange.
Intrachromosomal versus Interchromosomal Recombination
The leaves used for protoplast preparation, chosen at random from the Hg r plant population, should give an expected ratio of homozygous/hemizygous protoplasts of 1:2. Yet, we observed an approximately fourfold excess of recombination events in homozygous/hemizygous Km r tissue. Allowing for twice the substrate copy number in homozygous cells, this represents a fourfold excess over the expected value. In the hemizygous individuals, homologous recombination can occur either within the same chromosome (intramolecular) or following DNA replication between sister chromatids (intermolecular). In the homozygous cells, intermolecular recombination can also occur between homologs (without requiring DNA replication); it is likely that interchromosomal associations occur at a higher frequency than intrachromosomal events, thereby accounting for the excess of homozygous recombinants obtained.
Because the excess of homozygous events observed could also be explained by an early recombination event in a homozygous plant before protoplast isolation, we evaluated recombination frequencies in hemizygous and homozygous backgrounds separately. Thus, 19 Hg r T2 plants were grown, and, in independent experiments, single leaves were harvested for isolation of protoplasts. As shown in Table 5 , the frequency of recovery of Km r calli, scored essentially as before, was between 1.5 x 10~6 to 3.1 x 10~5, an ~20-fold range. DNA was prepared from single Km r calli, selected from plates representing each end of this range, and transgenic genotypes were determined by DNA gel blot analysis as previously done. Of four individuals analyzed from plates yielding Km r calli at high frequency (3.1 to 1.0 x 10~5), all were found to be homozygous. In contrast, all but one were found to be hemizygous when five individuals from plates yielding recombinants in the low end of the frequency range (4.5 to 1.5 x 10~6) were analyzed. These results suggest that recombination is more frequent in homozygous than in hemizygous cells. 
DISCUSSION
Frequency of Recombinants Recovered
A recombination detection strategy that relies on the recovery of gene function of a selectable marker from defective copies inactivated by single, nonoverlapping mutations in the coding region was used in this study to detect rare homologous chromosomal recombination events in plants during mitotic cell proliferation and during meiosis. Recovery of recombinants at frequencies of ~3 x 10~5 to 1 x 10~6 demonstrated that chromosomal recombination between inverted repeats in the plant genome occurs spontaneously, albeit at a low frequency. These frequencies are comparable to those reported for somatic recombination in mouse cells when a similar construct, arranged as inverted repeats, was used (Bollag and Liskay, 1988) and also to those recently reported in cultured plant cells where similar constructs arranged as direct repeats were used (Peterhans et al., 1990) .
Estimation of recombination frequencies is clearly subject to the limitations of the detection strategy employed. On the one hand, recombination events taking place within the 560-bp effective region of homology that exclude the mutation sites cannot be selected for and thus go undetected, leading to underestimation of recombination frequency (homology regions as short as 53 bp have been shown to be sufficient for efficient homologous recombination in plant cells [Baur et al., a The average number of cells at the time selection was applied; microcolonies were at the one-to eight-cell stage when transferred to selection plates.
Genotypes were determined by DNA gel blot analysis of one recombinant callus per plant using the short neo probe (neo") ( Figure 2D ).
ND, not determined. In plants, 14 and 24 protoplasts were separately isolated from two different leaves. In all other cases, cells were isolated from a single leaf of different T2 tobacco plants. 1990 ; Peterhans et al., 19901) . On the other hand, recombination events taking place during leaf development, before protoplast isolation, cannot be distinguished from those occurring in vitro during cell culture. These early events have been observed in seedlings (Peterhans et al., 1990) and may result in recombination frequency overestimation. Thus, recombination frequencies per cell cycle cannot be determined accurately.
Following y irradiation of somatic cells, a threefold increase in the recovery of Kmr calli in plant line DLT31G was observed; this was presumably the result of an increased number of 3' single-stranded ends in the cell nucleus caused by DNA damage. lonizing radiation has also been shown to increase the efficiency of foreign DNA integration into the plant genome (assumed to occur by illegitimate recombination); a threefold to sixfold increase in the recovery of transformants was observed when freshly isolated protoplasts were exposed to x-rays shortly after being transfected with a plasmid containing a chimeric selectable marker (Kohler et al., 1989) . Because the stress of tissue culture appears not to induce recombination (Peterhans et al., 1990 ) and our irradiation experiments used in vitro cultured cells, it is clear that the increase in the number of Kmr calli recovered represents a genuine enhancement of homologous recombination frequency in these plant cells.
Our analysis of tissue from 19 independent T2 plants (Table   5) suggests that homologous recombination is indeed more frequent in the homozygous than in the hemizygous cells, even when allowing for the double dose of recombination substrate. This provokes the speculation that intermolecular recombination without requiring DNA replication and pairing of sister chromatids (i.e., interchromosomal recombination between homologs) is more frequent than sister chromatid and intramolecular recombination.
Unlike recombination in fungi, where mitotic homologous recombination occurs two to three orders of magnitude less frequently than meiotic recombination (Thornton and Johnston, 1971; Game et al., 1980) , we found that plant somatic recombination occurs at frequencies equivalent to those observed during meiotic recombination for the same genetic interval. This may reflect the very special life strategy of plants whereby somatic change may be passed on to the next generation by virtue of meristem totipotency to differentiate into germina1 tissue.
Molecular Analysis of Recombination Events
All previous studies of chromosomal homologous recombination (whether meiotic or somatic) have failed to identify the precise nature of recombination events and to.make a clear distinction between nonreciprocal (gene conversion) and reciproca1 interactions. In this study, one plant, line carrying a single intact copy of the recombination substrate pDLT31 per haploid genome (DLT31G) was used for analysis of the molecular nature of recombination events that resulted in reconstruction of a functional marker gene.
In our study, no intrachromosomal reciprocal recombination was detected. This event would have been indicated by the presence of a 560-bp DNA fragment that would only hybridize to theneo probe following digestion of genomic DNA with Apal endonuclease; the band would represent the distance between the two mutations in a double mutant copy of the gene prol duced by a single reciprocal exchange between genes located in the same chromatid, as illustrated in Figure 5A . The expected position of such a theoretical band is indicated by an arrow in Figures 2 8 and 38 .
lnterchromatid reciprocal interactions (whether between sister chromatids or between homologs) would result in the formation of abnormal acentric and dicentric chromosomes ( Figure 58 ). Dicentric chromosomes break as they are pulled apart toward the spindle poles during cell division, resulting in broken chromosomes that have either deficiencies or duplications for particular DNA regions (McClintock, 1941) . Based on the potentially lethal loss of genetic information that results from this process, the intention of our experimental set-up (inverted repeats) was to prevent reciprocal exchange between sister chromatids. The fact that in our experiments interchromosoma1 recombination appeared to be more frequent than intrachromosomal associations offers a possible explanation for the notorious underrepresentation of reciprocal recombination events observed in this study: preferential interchromosoma1 interactions could be selecting against reciprocal events due to the particular nature of the recombination substrate. This, of course, does not explain the complete absence of intrachromosomal reciprocal interactions and assumes that in plant line DLT31G the recombination substrate lies within a chromosomal region vital for cell survival. Recovery of a Kmr individual that is most likely the result of an intermolecular reciprocal interaction (see below) suggests that this might not be the case. Most of the recombination products analyzed appear to have arisen by a nonreciprocal mechanism, i.e., gene conversion. Here, one of the genes lost its mutant information with no corresponding change in the accompanying defective gene and no change in the basic arrangement of the substrate molecule. Formally, such events could also be explained by a double reciprocal recombination event between &ter chromatids. However, because no frequent reciprocal recombination events were detected here (and have not been detected in severa1 studies conducted in mammalian cells; Liskay et al., 1984; Smith and Berg, 1984; Bollag and Liskay, 1988) , it is extremely unlikely that double reciprocal events account for the majority class of recombinants observed.
A frequent association of gene conversion and reciprocal exchange characterizes funga1 recombination (Murray, 1963; Sang and Whitehouse, 1979; Nicolas, 1982) ; recently, the two processes were also found to be associated in mouse cells, albeit to a much lesser extent (Bollag and Liskay, 1988) . One of the recombinants analyzed in this study appears to have arisen by an intermolecular reciprocal event in a cell hemizygous for the recombination substrate (lanes 6, Figures 3A and  36 ). However, a deletion of the second copy of the defective neo gene precluded unequivocal distinction between gene conversion associated with crossing-over or interchromatid reciprocal recombination. Nevertheless, the fact that the orientation of the hyg sequence in 25 of 26 recombinants analyzed here was not altered indicates that most conversion events occurred in the absence of flanking marker exchange. Thus, we observe gene conversion unassociated with crossing-over as the predominant mode of chromosomal recombination between inverted repeated sequences in plants.
A bias in favor of correction of the neo-gene over that of the neoA gene was also observed in our experiments. Excluding coconversions, correction of the neo-gene to wild type occurred in 18 of 22 events analyzed. A simple explanation for this observation is frequent spontaneous reversion of neoto neo+. This is very unlikely for the following reasons: (1) In unrelated experiments conducted with transgenic cultured plant cells carrying either neo-or neoA adjacent to the hyg gene, no spontaneous revertants of either defective marker were observed on Km-containing medium. These experiments involved large numbers of leaf discs and a minimum of 107
protoplast-derived cells (per construct) that were subject to selection under identical conditions to those reported here (J.
Tovar, unpublished results). (2) Equivalent correction (3:3) of both neoA and neo-genes was observed in hemizygous recombinants; this would not be the predicted outcome of preferential neo-reversion. (3) Any reversion of neo-to neo+ must restore the reading frame, by insertion or deletion of DNA, yet need not necessarily be accompanied by a loss of the Apal site (the Apal site is a 6-bp sequence of a total linker insertion of 20 bp). However, all neo-to neo+ events observed were always accompanied by a loss of the Apal site. (4) These recombination substrates have also been shown not to revert in mammalian cells (Smith and Berg, 1984) . A second, more likely explanation for the overall neo-correction bias is that small mutations may be corrected with higher efficiency than those involving longer insertions or deletions (as in neoA) as has been observed in mammalian systems during both extrachromosomal and chromosomal recombination (Letsou and Liskay, 1987; Waldman and Liskay, 1987) . With this in mind, it is puzzling as to why we see equivalent correction of both neoA and neo-genes in hemizygous recombinants; perhaps it relates to differences in mechanism of recombination involving interchromosomal interactions because no such impediment appears to occur during intrachromosomal recombination. A fairly frequent class of recombination events that resulted in the correction of both defective genes located in the same chromatid was detected in this study (four of 26 of the somatic recombinants analyzed). It is extremely unlikely that these recombination products resulted from independent events; the probability of this happening would be a multiple of the probability of each individual event occurring independently. It is also very unlikely that all cases observed represent mixed populations of two different Kmr cell types; furthermore, the same type of recombination event was detected in hemizygous tissue (lane 5, Figure 2C) . A more likely explanation is that these individuals arose from the correction of both defective genes located on the same chromatid as a result of a single nonreciprocal recombination event involving two homologous chromatids. Antiparallel alignment along the length of the recombination substrate is required to allow appropriate pairing of "complementing" homologous alleles in both chromatids. According to the Meselson-Radding model of recombination (Meselson and Radding, 1975) , the conversion tract would have to tolerate a long region (2.58 kb) of no homology represented by the mispaired hyg gene; this seems very unlikely. The double-strand break repair model of recombination (Szostak et al., 1983) offers an alternative explanation, as illustrated in Figure 6 . A free 3' single-strand tail produced by gap extension on a double-strand break could initiate a conversion process; this would continue until two regions of asymmetric heteroduplex were formed. A symmetric heteroduplex might result from branch migration of both Holliday junctions in opposite directions. Resolution of the recombination intermediate could result in coconversion of the neo genes located in the original donor molecule in a process not associated with flanking marker exchange. Such an event could explain the appearance of two "recombinant bands" in a clonal tissue arising from a single recombination process. Because the structural arrangement of the original recipient molecule is affected, the homozygous coconvertants observed could not have been a result of recombination between homologs, but are rather a product of sister chromatid interactions following antiparallel alignment. Our results, therefore, suggest that chromosomal recombination in plants can occur by means of a process explained by the double-strand break repair model of recombination.
Meiotic Homologous Recombination
Selection of a drug resistance phenotype in postmeiotic tissue allowed recovery of recombinants at a similar frequency to that obtained in somatic cultured cells. Molecular characterization of recombinant DNA indicated that restoration of gene function also occurred as it did in most somatic recombinants analyzed, i.e., as gene conversion unassociated with reciprocal exchange. Are these recombinants then the product of meiotic recombination or merely representatives of somatic homologous interactions? To address this question, we considered three different developmental stages at which recombination might have occurred: flower differentiation, plant gametogenesis, and early stages of embryogenesis. The floral structures and the germ line are derived from the apical meristem; any genetic modification in these meristematic cells might be represented in the next generation. Should recombination between the defective neo genes have taken place in one of these cells, it is likely that the Kmr phenotype would have been represented in severa1 cells undergoing gametogenesis, with the number increasing the earlier the event had occurred. This would have resulted in a higher number of drug-resistant seeds (originated from a single flower) than that observed in our experiments. Recombination during gametogenesis (meiotic recombination) would result in the production of a single Kmr gamete that, upon fertilization, would produce an embryo hemizygous for the drug resistance phenotype; such an organism would survive Km selection upon seed germination. Finally, homologous recombination could also have taken place during embryonic development; this would have resulted in a chimeric organism composed of a mixture of drugsensitive and drug-resistant cells. The ratio between the two cell types would depend on the timing of recombination occurrence, but the maximum number of drug-resistant cells in The proposed steps in the process are as follows:
Step 1 shows the initial antiparallel alignment of homolqous chromatids. A double-strand break at the neo-region of chromatid I, as illustrated in step 2, is extended to produce a single-stranded 3' free end; this may invade a homologous double-stranded sequence resulting in the formation of a D-loop (3).
Step 4 depicts the concomitant destruction of the hyg sequence by nucleolytic gap extension and the first round of repair synthesis on chromatid 11, primed by the 3'end of the invading strand; the D-loop increases in size as this process occurs.
Step 5 shows that, as the displaced single-stranded loop finds its homolog, asecond round of repair synthesis can take place; this results in the unidirectional transfer of genetic information from chromatid II to chromatid I. A second cross-strand junction may now be formed; both the Holliday the chimera would be 50% of the total cell population (assuming that recombination occurred during the first mitotic division following fertilization 
METHODS
Construction of Recombination Substrates
Escherichia co/i K12 strains TG2 (F', [traD36, proAB, laclQ, lacZAMl51, recA, supE, A[/ac, pro] , Srl:TnnlO, hsdA5, [rk-, mk-1) and DH5a (F-, recAl, hsdRlli: [ik-, mk+], supE44, thi-1, 1-, re/Al, gyrAQ6, 80dlacZAM75, endAl) were used for bacterial cloning. Plasmids used for the construction of recombination substrates were pSV2hyg, which contains a functional bacterial hygromycin phosphotransferase (hyg) gene; pSVaeo-, with a Xhol linker insertion ~2 5 0 bp into the neomycin phosphotransferase (neo) coding region inactivating the gene; pSV2neoA, containing a neo gene inactivated by a 3'deletion that includes the translation termination codon, plus a Xhol linker insertion. In all of these, the coding regions lie between 5' and 3' simian virus 40 (SV40) transcriptional regulatory signals in pBR322 and were a kind gift from A. Smith (Medical Research Council Laboratory, Cambridge, UK). Other plasmids used include pCaMBS and pBSPA (A. Day, Imperial College, London), containing the CaMV 355 promoter and the 3'transcriptional regulatory signals of the nos gene, respectively, cloned into the Smal site of pBS-(Stratagene, La Jolla, CA), pBam2/19 (Garfinkel et al., 1981) , containing the octopine synthase (ocs) gene cloned in pBR322, and pGA482 , a binary vector.
The recombination substrates were first constructed in the multicopy plasmid vector pBS-. Thus a 2.5-kb BamHl fragment containing the SV40-hyg genetic unit from pSV2hyg was subcloned into pBS-to give pJTISVhyg. pBSPA was digested with Pstl, flush ended with T4 DNA junctions are free to migrate in either direction. Migration of the Holliday junctions in opposite orientations (and to the points indicated in step 6) followed by inner-strand resolution may result in the formation of heteroduplex DNA molecules such as those represented in step 7.
Step 8 shows that mismatch repair in favor of the wild-type invading strands in chromatid II can result in the formation of a molecule that contains two w,ild-type neo genes and a hyg sequence unchanged in orientation. Cross-hatched ovals indicate centromeric sides. Black circles show genetic lesions of the defective neo genes. Arrows indicate the direction of transcription. Half-arrows indicate newly synthesized DNA. Scissors denote resolution of cross-strand junctions. The lengths (in kilobases) of the restriction fragments obtained upon HindllVApal double digestion are indicated.
polymerase, and digested with Sacl. The released 1.02-kb nos fragment was subcloned into the 4.86-kb vector backbone of pJTISVhyg, which had been cut with Bglll, end filled, and Sacl digested; this yielded plasmid pJT/SVlhyg(A+), in which the SV40 poly(A) and transcription signals were replaced by those of the nos gene. pCamBS was cut with Hindlll and EcoRl and end filled; the CaMV 35s promoter fragment was subcloned into the backbone of end-filled, Hindlll-digested pJTlSVhyg (A+), giving pJTPhyg. pBS-was cut with Sphl and Smal, flush ended, and religated. The resulting plasmid was then cut with EcoRI, end filled, and religated; thus, the only remaining endonuclease recognition sites in the polylinker of this vector, pHKS, are Hindlll, Kpnl, and Sacl. The chimeric hyg gene from pJTPbyg was subcloned into the Kpnl site of pHKS to give pHKSbyg. A derivative of this plasmid, pJT7, was made by deleting a 1.32-kb Sal1 fragment containing the hyg coding region and by destroying the EcoRl site at the 5' end of the nos polyadenylation signal by EcoRl digestion, end filling, and religation.
To avoid plasmid instability during the construction of recombination substrates due to adjacent inverted DNA duplications, a plasmid analogous to pJT7 that contains different 3' transcriptional terminationlpolyadenylation signals was constructed. Thus, pJTocs9 was obtained by subcloning the 3'transcriptional regulatory signals of the ocs gene (contained in an Apal and EcoRl end-filled 0.9-kb fragment from pBam2l19) into the Smal site of pBS-. 60th pJTocs9 and pJT7 were cut with Sal1 and Sacl. The large fragment representing the vector from pJT7 and the small fragment containing the ocs polyadenylation signal from pJTocs9 were isolated and ligated to give pJT8. pSV2neo-was cut with Bglll and Saul and end filled. The 1.04-kb neo-fragment was isolated and ligated into the end-filled Sal1 site of pJT7, to give pJTneo-. pJTneoA was constructed as above but by using pSV2neoA as the source of the 0.86-kb fragment containing the neoA coding region. The neo mutations in these plasmids are marked by Xhol restriction sites, prone to methylation in eukaryotes. To "relabel" the neo mutations, Apal linkers were cloned into the end-filled Xhol sites (also restoring Xhol sites) of pJTneo-and pJTne& giving pJTAneoand pJTAneoA, respectively. pJTbyg was constructed by Bglll and Hindlll digestion of pSV2hyg. The end-filled 1.32-kb fragment containing the hyg coding region was cloned into the vector backbone of end-filled, Sall-cut pJT8. Chimeric genetic units neo-and neoA were released from pJT4neo-and pJTAneoA, respectively, by Kpnl digestion and cloned into one or the other Kpnl site of pJThyg to give pJTneo-(>)lhyg(>), pJTneoA(>)lhyg(>), pJThyg(>)/(<)neoA, and pJThyg(>)l(<)neo-. pJTneo-(>)lhyg(>) and pJThyg(>)l(<)neoA were double digested with Sacl and EcoRI; a 6.19-kb vector fragment from pJTneo-(>)lhyg(>) and a 4.2-kb insert fragment from pJThyg-(>)l(<)neoA were ligated to give the triple-cassette construct pJTtneo- To transfer the recombination substrates into plant tissue, a suitable binary plasmid vector was constructed. The chimeric neo gene in pGA482 was removed by a double SauCHindlll digest followed by end filling and religation. The resulting plasmid, pDLT201, contains no functional plant selectable marker. pJTtneo-was digested with Sacl followed by partia1 digestion with Hindlll. The triple cassette was subcloned into Sacl-Hindlll-treated pDLT201 to give pDLT29. Curiously, it was not possible to use this approach to construct pDLT31 from pJTtneoA. Instead, Hindlll-linearized pJTtneoA was ligated into the Hindlll site of pDLT201; pBS-vector sequences were deleted from the recombinant binary molecule by Sacl digestion and plasmid recircularization to give pDLT31. Standard cloning procedures were used (Maniatis et al., 1982) . Binary recombinant vectors were conjugated into Agrobacterium cultures by triparental mating using E. co/istrain(s) containing the desired recombinant plasmid(s), the E. coli helper strain HBlOllpRK2013 (Figurski and Helinski, 1979) , and the recipient Agrobacterium strain LBA4404 (Hoekema et al., 1983) .
DNA Analysls
Techniques for preparation and analysis of plasmid DNA, agarose gel electrophoresis, and DNA gel blotting were as described by Maniatis et al. (1982) . Preparation of genomic DNA from freeze-dried leaf and callus tissues of Nicotiana tabacum cv Petit Havana line SR1 (Maliga et al., 1973) was with the cetyltrimethylammonium bromide method essentially as described by Murray and Thompson (1980) .
Plant Tissue Culture, Transformatlon, and Selection
Tobacco transformation and protoplast and tissue culture were carried out essentially as described by Lichtenstein and Draper (1985) . Agrobacterium-mediated transformation of tobacco leaf discs was performed using stationary Agrobacterium cultures from each strain, DLT29 and DLT31. Agrobacterium strains GA482 and DLT201 were used as positive and negative transformation controls, respectively. Transgenic tissue was selected on MSD4x2 plates (Lichtenstein and Draper, 1985) supplemented with carbenicillin (500 pglmL) and either hygromycin (Hg) (30 to 50 pglmL) or kanamycin (Km) (100 pglmL).
Tobacco leaf mesophyll protoplasts were isolated from leaves (7 to 12 cm wide) from 6-to 8-week-old Hgr plants grown in a glasshouse. Freshly isolated cells were suspended on MSP19M medium (Lichtenstein and Draper, 1985) at a density of 7. 5 x 104 viable cells per milliliter, and aliquds(2.5 mL) were plated over Gcm-diameter plastic Petri dishes containing 5 mL of solid MSP19M, giving a final plating density of 2.5 x 104 cells per milliliter. Plates were sealed with parafilm and incubated under dim light for 10 to 14 days at 25 to 27%. Microcalli at the 4-to 16-cell stage (or in some experiments 1-to 8-cell stage) were recovered from individual plates by gentle pipetting, transferred to 10-mL sterile tubes, and washed with 2 volumes of MSP17M medium (Lichtenstein and Draper, 1985) containing Km (50 pglmL). Pelleted microcolonies were resuspended in 4.5 mL of the same medium, and an equal volume of molten MSP17M containing Km and 1.2% low melting point agarose (precooled to 38OC) was added to the cell suspension. Cells from each tube were poured into three 6-cmdiameter plastic Petri dishes containing 5 mL of selective MSP,7M agar. Dishes were sealed and incubated under diffuse light at 25 to 28OC in a large translucent plastic box for 5 to 7 days. The agarose layer was then divided into quadrants that were carefully separated from the agar bed and transferred to MSP13M (Lichtenstein and Draper, 1985) solid medium containing Km (50 pglmL). Quadrants (four per plate) were placed upside down on the agar surface. Kmr calli were scored 30 days later. The recombination frequency was calculated by dividing the number of Km' calli by the average number of cells at the time of selection; thus, for microcalli at the 4-to 16-cell stage, this was as if all colonies were at the 10-cell stage.
Axenic callus tissue was subcultured every 4 to 6 weeks. Plant regeneration was achieved by transferring individual calli to shooting (MSD4x2) and then rooting (MSO) media (Lichtenstein and Draper, 1985) . Plants were transferred to soil for seed production. The number of seeds was estimated by counting five 10" seed aliquots; the median value from thesecountings was used as the basis for number
